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Abstract: The use of solid waste for the development of new building materials has been an alternative
to reduce environmental impacts through the preservation of natural resources. In this context,
this paper evaluates the possibility of using agate gemstone waste, called rolled powder, which
basically consists of silica (SiO2), in the manufacture of aerated foamed concrete blocks completely
replacing the natural sand. Preformed foam was used as the air entrained by mechanical stirring
with a mixture of natural foaming agents derived from coconut. To produce test specimens,
the water/cement ratio and foam concentrations were varied, with three and four levels, respectively.
The specimens were left for 28 days at room temperature to be cured, and then underwent analysis to
determine their compressive strength, density, and the distribution of air-voids. The experiments
demonstrated that the best water/cement ratio was 1.28 for 18% (of total solid mass) addition of foam,
which generated a sample with a density of 430 kg/m3, and a compressive strength of 1.07 MPa.
The result for compressive strength is 11% smaller than the requirements of the Brazilian standard
(NBR 13438) for autoclaved aerated concrete blocks, but the results are promising.
Keywords: agate waste; foaming agent; aerated concrete block
1. Introduction
The state of Rio Grande do Sul, located in the south of Brazil, stands out nationally and
internationally for its wealth of precious stones, such as agate and amethyst, which are exported
to several countries in the world. According to Tubino and Sampaio [1], the state is recognized as
the world’s largest producer of raw agate [2]. The town of Soledade/Rio Grande do Sul (RS) was
a pioneer in extracting, processing, and commercializing precious stones. Currently, it has only one
industrial and commercial area of gemological asset, which accounts for a large part of its economy;
71% of companies in this area are exporters [3].
Brazilian agate and amethyst run through deposits of the “basalt geode” type [4,5], and have
been crystallized in the cavities of the volcanic rocks of the Serra Geral Formation, with their diameter
varying from 0.1 to 1.0 m. The geodes are filled with minerals that are formed based on a colloidal silica
system [6]. Other minerals are found in these deposits, such as quartz, rock crystal, rosy quartz, calcite,
apophyllite, zeolites, onyx, jasper, opal, gypsite, and barite. Brum [7] identified that the agate coming
from these deposits is formed by granular and fibrous microcrystalline quartz, known as chalcedony.
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In the industrial processing of gems, a substantial amount of solid waste is generated, such as
fragments of agate, mud with oil, agate powder without oil, and wastewater containing dyes and
metals, aside from semi-finished parts that have defects in their formation or impurities and have no
commercial value [8–10].
The “Rolled Stone” (Figure 1a) is generated through agate processing and gives a round shape to
the agate fragments through a ball bearing drum device (Figure 1b). In the rolling process of agate,
Petry [11] estimates that about 30 tons per month of ground agate powder, known as “Rolled Powder
(RP)” (Figure 1c), are produced in local industries. The RP is comprised of approximately 98% SiO2
with 95% of the particles that have a diameter less than 74 µm. It can be estimated that for each
kilogram of final product, 0.65 kg of agate powder is generated by the rolling process [9].
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reactions (AAR). In this context, it is shown that the AAR was minimized by adding pozzolanic
material as silica fume [11].
The study by Correia [18] evaluated the possibility of replacing natural sand with agate residue
in the production of stoneware tile, in the mass proportion of 15 to 45%. The agate powder was
also used in the production of ceramics [19], in the development of urban pavement structures [20],
as soil remineralizer [21], and in the production of colored sand through magnetite nanoparticle
incorporation [22].
Many silica-based wastes have been evaluated to produce efficient cementitious materials such
as: self-compacting concrete with waste marble dust [23]; concrete made with granite and marble
as recycle aggregates [24]; concrete with high volumes of unprocessed lignite-coal fly ash and rice
husk ash [25]; rice husk ash incorporated as a partial replacement for fine aggregate in concrete [26];
concrete produced from coal bottom ash [27]; waste brick as a partial replacement of cement in
mortar [28]; concrete from alkali activated slag [29]; waste glass in autoclaved aerated concrete [30];
and, other uses. According to Mehta and Monteiro [31], the concrete can present twenty-seven
variations, one of which is lightweight concrete. One type of lightweight concrete is known as aerated
concrete, which is normally used in the form of sealing blocks [32], and is divided into aerated foamed
concrete blocks (AFCB) and autoclaved aerated concrete blocks (AACB), also known as autoclaved
cell concrete blocks (ACCB). AACB in Brazil, is regulated by the Brazilian Association of Technical
Standards NBR 13438 [32], and has a specific mass of 400 to 650 kg/m3, after hardening.
Though, there is no Brazilian standard for AFCB, but AFCB is internationally standardized.
According to the American Society for Testing and Materials, C 495-99a [33,34] the specific mass of
Aerated Foamed Concrete (AFC) can range from 320 to 1920 kg/m3. The internal structure of foamed
concretes includes that of air-voids that form up to 80% of the volume of the material. These small
air-voids must be homogeneously distributed within the mortar and are incorporated by adding
preformed foam [33,35].
Non-autoclaved lightweight concretes present less compressive strength and greater retraction
due to the absence of a curing process when compared to autoclaved ones. This difference is explained
by the reactions produced in the autoclave because the materials based on silicon oxide react with
calcareous materials and form very well defined structures, known as tobermorite (hydrated calcium
silicate—(Ca5Si6O16(OH)2·4H2O)) [36]. In the curing process in the natural environment, limestone
materials initially have an acicular shape and over the first six months are converted into hexagonal
calcite crystals [37].
In AFCB, the incorporation of air into the mortar is usually produced by adding preformed
foam based on synthetic foam agents. More stable incorporators of air have been sought that
reduce the effects of Ostwald ripening, which reduces the coalescence and drainage of the film
that encapsulates the air-void. In addition, the study by Krämer et al. [38] demonstrated that adding
silica nanoparticles forms emulsions that have a greater strength, thus allowing for a better distribution
during mixing in the mortar, thereby improving the stability of the bubbles in the first hours of
hydration of the binder. RP has been little explored in the international literature because it is
a regional material.
The main aim this paper was to evaluate the use of RP, completely replacing the natural sand
in the production of AFCB with a foam agent derived from the fatty acid of coconut. Also, a brief
economic and environmental discussion about the use of the agate waste was carried out.
2. Materials and Methods
RP was used as aggregate. It was collected in an industry, located in the municipality of
Soledade—Rio Grande do Sul, Brazil, that processes rolled agate. The Portland cement (PC) (Cimpasso,
Passo Fundo, RS, Brazil) V-ARI used complies with Brazilian standards NBR 5733 [39] and NBR
5737 [40], cements of initial high strength and sulfate tolerance, respectively. The physical and chemical
properties of PC and RP are shown in Table 1.
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Table 1. Physical and chemical properties of Portland Cement (PC) and Rolled Powder (PR).
Physical Properties
Materials
Specific
Gravity
g/cm3
Blaine
Fineness
m2/kg
Particle Size
pH PastePass in
75 µm
D10%
Mm
D50%
µm
D90%
µm
Daverage
µm
Portland Cement (PC) 3.1 430 0.5% 1.0 9.6 27.6 12.3 13.0
Rolled Powder (PR) 2.7 80 3.2% 2.8 31.4 151.5 57.6 8.2
Chemical Composition
Materials Al2O3 CaO CdO SiO2 Fe2O3 Na2O
All
Others SO3
Loss on
Ignition
Portland Cement (PC) 3.1 60.6 4.3 18.9 0.5 - 13.0 2.0 2.9
Rolled Powder (RP) 1.2 0.4 0.1 92.2 1.1 0.1 0.1 - 3.5
The granulometry of RP was conducted using a Cilas laser granulometer model 1190 (CILAS,
ORLEANS, France), with an amplitude of measurement from 0.04 to 2500.00 µm. The chemical
composition of the RP was determined by X-ray fluorescence using PANalytical-MiniPal 4 equipment
(PANalytical B.V., Almelo, Netherlands) [41]. X-ray diffraction was performed using a Siemens
diffractometer model D-500 (Siemens, Monique, Germany), with a Cu anode, set at 40 kV and 17 mA.
The 2θ angle was varied from 10–80 degrees, with steps of 0.05 degrees.
The foam-generating mixture consisted of Cocoamidopropyl Betaine (CPB) and Cocamide
Diethanolamine (DEA) [42] in a ratio of 1:3 (one part CPB for two parts DEA). This mixture was
diluted 1:70 (one part of mixture to sixty-nine of water) to make the pre-made foam.
The foam was prepared by mechanical stirring. The density of the foam formed was 75 kg/m3.
The mortar was prepared by mixing the RP, water, cement, and the preformed foam. The constituents
of the mortar were stirred by a mechanical stirrer until a homogeneous mass was formed. The AFCB
was produced based on the procedures suggested by ASTM C796 and ASTM C869 [43,44].
The designs of experiments to determine the properties of AFCB were developed using
the complete factorial statistical method. The experimental design depended on two factors with three
and four levels, i.e., the experiments were performed with water/cements (w/c) ratio of 1.08, 1.28,
and 1.48; and a foam amount of 14%, 18%, 24% and 28% of the total solid mass (cement mass + RP mass).
The amount of aggregate (RP) and binder (cement) were kept constant with equal proportion (1:1).
Water levels were adjusted according to variations in the w/c rate. For example, when using 1.0 kg of
cement, 1.0 kg of RP, 14% foam and a w/c ratio of 1.08, the amount of water should have been 0.80 kg.
Table 2 shows an experimental matrix with 12 concrete traces. Three replicates for each response
variable were made to avoid systematic errors.
Table 2. Experimental matrix for concrete traces.
Order w/c Rate % Foam (of Total Solid Mass)
1 1.08 14
2 1.08 18
3 1.08 24
4 1.08 28
5 1.28 14
6 1.28 18
7 1.28 24
8 1.28 28
9 1.48 14
10 1.48 18
11 1.48 24
12 1.48 28
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The samples were demolded after 24 h, packed in plastic film and maintained at a temperature of
20 ± 2 ◦C for 28 days during the curing time.
The density of the blocks and the specific mass of the RP were determined according to ASTM
C138/C138M-16a [45]. The AFCB compression strength tests were performed according to ASTM
C495-99a [34], using a universal testing machine (EMIC-PC200C, Instron, Norwood, MA, USA).
An evaluation of the distribution of the air-voids and the form of the particles was performed
by secondary electron imaging in a scanning electron microscope (SEM)—Tescan—at 30 kV (Tescan,
Kohoutovice, Czech Republic). To measure the bubbles, the samples were prepared according to
ASTM C457/C457M-12 [46], and sealed with gold. The images obtained were treated and evaluated
using ImageJ software.
Finally, a comparison, related the compressive strength and density between commercial blocks
(AFCB and AACB) and AFCB developed with de RP was performed. For this comparison data
provided by the manufacturers were used. Also, economic viability was briefly described.
3. Results and Discussion
3.1. Characterization of the Rolled Powder (RP)
The results showed that the major constituent of the RP is SiO2, at approximately 92.5%.
The distribution of the particle size of the RP reveals a granulometry about four times (4×) higher
than PC. Due to the absence of amorphous characteristics as measured by the diffractogram, it can
be inferred that RP does not present high reactivity when compared to other siliceous materials
such as rice husk ash, fly ash, and other biomasses. Table 3 shows that RP has three crystalline
phases (quartz, tridymite, and cristobalite), as the cristobalite phases are polymorphic. However,
tridymite and cristobalite have a fraction with poor crystallinity, as quantified by the method of
Rietveld [47–50]. Furthermore, the quartz phase represents 95% of the sample. The cristobalite phase
is 1.5%, cristobalite-low at 1.9% and a trydimite-low at 1.5%.
Table 3. Phase quantification, lattice parameters and crystalline system for Rolled Powder (RP).
Fase
Crystaline
System Lattice Parameters Refined
Quantification
% Mass % Volumetric
Quartzo (SiO2) Trigonal
a = 4.9113 ± 1.58·10−4 Å
95.09 ± 0.09 89.03 ± 0.09
c = 5.4016 ± 2.79·10−4 Å
Cristobalite-low (SiO2) Tetragonal
a = 5.026 ± 4.73·10−4 Å
1.86 ± 0.12 2 ± 0.12
c = 6.8446 ± 2·10−4 Å
Tridimite-low (SiO2) Triclinic
a = 5.030 ± 0.013 Å
1.54 ± 0.17 7.25 ± 0.17
b = 9.082 ± 0.06 Å
c = 8.306 ± 0.05 Å
α = 91.11 ± 0.92◦
β = 93.79 ± 0.48◦
γ = 91.47 ± 0.81◦
Cristobalite (SiO2) Cubic a = 7.1436 ± 0.0057 Å 1.5 ± 0.26 1.7 ± 0.26
Sum 99.99% 99.98%
In the literature [11,15], the agate residue in sand granulometry produces AAR. However,
Petry [11] emphasizes that RP reduces the occurrence of AAR by 0.19%. AFCB because it contains
empty spaces in its interior, according to Popov et al. [51], can berth expander gel that causes internal
tensions and leads to the loss of mechanical resistance. Thus, it is believed that using RP in AFCB may
be an interesting possibility, since this may mitigate possible problems related to the use of residues.
SEM was used for the morphological analysis of the residue, and this shows that particles have
different sizes as can be seen in Figure 2. These variations may have been generated by the friction
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between the parts in the rolling process. It is assumed that the rough grinding process that produces
rolled agate has an influence on the modification of the surface of the residue. It is emphasized that
the result of the X-ray diffraction (XRD) reinforces this assumption because two phases are identified
in which the crystallinity is low.
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3.2. Characterization of AFCB
The density was determined following the standards of ASTM C138 [45]. The value of density
is a very important parameter because it is directly related to the volume of air incorporated into
the m rtar and consequently greatly influences the mechanical, thermal, and acoustic characteristics
of the blocks [52–54]. In general, if the density is reduced, the compressive strength, the thermal
conductivity, and the sound propagation decrease [55,56].
The value of the density is linked to the total volume of the water used in the process. An excess of
water breaks the water/foam equilibrium that forms the bubbles. On the other hand, a smaller volume
of water reduces the stability of the bubbles because of dehydration [57]. It is observed in Figure 3 that
the lower densities occur at the extremes of the compositions (the least and greatest additions of foam).
When less foam is added, the air-voids incorporated in the mortar are brought together because of
dehydration and form larger bubbles. Similarly, when a greater volume of foam is added, the bubbles
rupture because the thickness of the hydrophilic film has been reduced, thereby making them less
resistant to the forces of the material medium. However, the results demonstrated that water content
changes the interaction between bubbles/mortar and changed the stability of the hydrophilic film of
foam [38,53,58].
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Figures 4 and 5 show the distribution of the air voids and form of the products of hydration
(Figure 5: a-b-c), respectively, in the mortar aerated by foam after 28 days of curing. The cavities formed
by the bubbles are distributed throughout the area evaluated and are of uniform size, with the maximum
diameter being approximately 0.5 mm. The distribution of the pores and the size of the cavity are
favored by the low granulometry of the aggregate, thus generating smaller densities. Another interesting
aspect is that within the macropores there was a growth of crystals (Figure 5), which is also reported
by Mehta and Monteiro [31,38].
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The distribution of the pores, the mean diameter, and the area occupied by the air-voids were
evaluated using image analysis, namely ImageJ software following Hilal et al. [58]. The results
indicate that about 30% of the area is filled with air-voids, the dimensions of which were 0.05 to
0.5 mm, these being defined as macropores by Rouquerol et al. [59]. The pore analysis showed D10 of
90.1 µm, D50 of 131.2 µm, and D90 of 204.8 µm, and the mean diameter was 264.0 µm. These values
are slightly lower than those found by Hilal et al. [58]. However, this difference can be explained
by the granulometry of the aggregate. The higher the granulometry of the aggregates, the higher
the diameter of the bubbles, whereas the lower the granulometry, the smaller the diameter of the bubbles;
moreover, nanoscale particles can form an interfacial layer between the water and the foaming agent,
thereby increasing the resistance of the air-voids [38]. The distribution of the macropores is shown in
Figure 6.
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granulometry of the aggregate. The higher the granulometry of the aggregates, the higher the diameter 
of the bubbles, whereas the lower the granulometry, the smaller the diameter of the bubbles; moreover, 
nanoscale particles can form an interfacial layer between the water and the foaming agent, thereby 
increasing the resistance of the air-voids [38]. The distribution of the macropores is shown in Figure 6. 
 
Figure 6. Typical binary images for the sixth mix (Table 2). 
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result, thereby seeking to comply with the Brazilian standard NBR 13438 [32] for ACCB. Figure 7 
shows the results of the compressive strength tests. NBR 13438 requires that the compressive strength 
should have values of at least 1.2 to 1.5 MPa at densities between 400 and 600 kg/m3 [32]. 
 
Figure 7. Compressive strength as a function of foam amount for different w/c rates. 
In addition to the curing process, the result of the compressive strength is also a function of the 
density and the physicochemical composition of the mixture. For these tests, the variation of the 
added foam mass defines what the density and compressive strength will be, since besides the direct 
introduction of the air-voids, this leads to an increased water content of the mixture because the 
preformed foam consists of about 98.6% water. These findings agree with previous works [31,52]. The 
best value obtained for compressive strength was 1.07 MPa for AFCB with 1.28 w/c and 18% foam (test 
six—Table 2) by mass added. It was observed that the tests with a w/c of 1.08 did not develop a 
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In addition to the curing process, the result of the compressive strength is also a function of
the density and the physicochemical composition of the mixture. For these tests, the variation of
the added foam mass defines what the density and compressive strength will be, since besides
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the direct introduction of the air-voids, this leads to an increased water content of the mixture because
the preformed foam consists of about 98.6% water. These findings agree with previous works [31,52].
The best value obtained for compressive strength was 1.07 MPa for AFCB with 1.28 w/c and 18% foam
(test six—Table 2) by mass added. It was observed that the tests with a w/c of 1.08 did not develop
a homogeneous mass prior to adding the preformed foam, due to a lack of hydration. On the other
hand, the tests with respect to a w/c of 1.48 showed a high fluidity due to the excess of hydration water.
As observed, the compression strength results are below the limit of the Brazilian standard
(NBR 13438), in which the minimum value of compressive strength is 1.2 MPa, but this rule is just
for ACCB. These lower results (AFCB) can be explained by the absence of a controlled cure process
(autoclave), where the literature states that curing at pressure and temperature produce hydration
products from the strongest cements [36,37]. Also, the high amount of cadmium oxide in the cement,
generated by the addition of furnace slag in cement manufacture, may have influenced the decrease in
compressive strength.
3.3. Comparison between Commercial Blocks (AFCB and ACCB) and AFCB Developed with Agate Waste
Table 4 shows the commercial blocks (AFCB and ACCB) and the AFCB of present study
characteristics. The difference in the compressive strength between the blocks (commercial and
AFCB with RP) is due to density. In the specific case of compressive strength and the density of AFCB,
it is believed that production processes, grain size, type of cure, and, mainly, the foam production are
factors decisive for its improvement.
Table 4. Characteristics of concrete blocks.
Blocks CompressiveStrength (MPa)
Density
(kg/m3) Description of Manufacturing Process
Commercial AFCB 2.14 830
water/cement rate of 0.82; 25 kg of natural sand;
25 kg of cement Portland (V-ARI); 20 kg of water;
The materials were added in a mixer and stirred for
10 min. Sequentially, 50 liters of foam were added
and mixed for another 5 min. The concrete curing
was of 28 days in open environment.
Commercial ACCB 4.50 600 Autoclave curing process. Other information notprovided by the manufacturer.
Commercial ACCB 1.20 400 Autoclave curing process. Other information notprovided by the manufacturer.
AFCB with RP 1.07 430
water/cement rate of 1.28; 500 g of RP; 500 g of
cement Portland (V-ARI); 400 g of water;
The materials were added in a mixer and stirred for
10 min. Sequentially, 230 g of foam were added and
mixed for another 5 min. The concrete curing was of
28 days in open environment.
An economic viability estimate was made by analyzing the production cost of 1 m3 of commercial
AFCB and AFCB with RP. The Table 5 shows the comparative cost between commercial AFCB and
AFCB with RP production. In this estimation, the same transportation, electrical energy, and labor
costs were considered.
The use of the agate wastes, completely replacing the natural sand, can generate an 18% saving in
the AFCB fabrication. This result shows to be promising to use agate wastes in the development of
building materials, but an optimization with respect to compressive strength should be performed.
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Table 5. Comparative production cost of 1 m3 of AFCB.
Materials Commercial AFCB Cost (USD) AFCB with RP Cost (USD)
Cement 45.20 45.20
Natural sand 6.45 0.00
Water 0.40 0.40
Agate waste 0.00 0.00
Commercial foam 5.81 0.00
Foam of study 0.00 1.94
Total cost 57.86 47.54
4. Conclusions
In the present work, AFCB was developed with the addition of RP waste as a substitute aggregate
of natural sand. Based on the results and discussion, the following conclusions are made:
• Rolled powder can be used as an aggregate in the manufacture of AFCB, reducing the liabilities
of agate manufacturing companies and reducing environmental impacts due to the irregular
disposal of this waste. Also, with the use of this residue, it is possible to reduce the consumption
of natural sand, which is a finite aggregate and its extraction causes environmental damages,
mainly in riverbeds and lakes.
• The results of the RP characterization show that the granulometry and the chemical composition
were suitable for the development of AFCB. It is relevant to note that PR was used without any
process of beneficiation.
• The concrete blocks showed a microstructure with a mean pore size of 264.0 µm, which is
characteristic of this type of material. Also, calcite formation in macropores was found due rate of
hydration reactions.
• The w/c ratio and the amount of foam had a significant influence on density and compressive
strength. The results for the compressive strength and density of AFCB were slightly lower than
those required by ABNT 13438. However, it is important to emphasize that this standard complies
with the ACCB, which are autoclaved.
• Overall, the tests enabled the best ratio between PC, RP, water, and foam to be established,
which was identified for AFCB with 1.28 of w/c, thus providing the greatest restriction with
the lowest density. The w/c ratio set at 1.28 with an addition of 18% foam generated a sample with
a density of 430 ± 18 kg/m3, and a compressive strength about of 1.07 ± 0.02 MPa. This result is
close to meeting the requirements of the standard for density classes <450 kg/m3 NBR 13438 [32]
for ACCB.
• Economic and financial aspects must be emphasized, since the use of agate waste can significantly
reduce the production cost of the companies that generate these wastes. This is because
the transportation and environmentally correct costs, today approximately of 55 USD per m3,
would reduce to zero. Moreover, the AFCB manufacturing cost of using the RP can be 18% less
than conventional AFCB cost.
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